The D--phenotype of the human erythrocyte is a genetic variant of the Rh blood group system associated with the expression of D but not C, c, E, and e (designated non-D) antigens. In this report, we characterize the structure and expression of Rh polypeptide genes in two D--homozygotes of ltalian origin. Southern blot analysis detected a gross deletion in their genomic DNA that correlated with the alteration of CcEe rather than the D polypeptide gene. With detailed exon mapping, the deletion was found to be partial and internal, encompassing exons 2 through 8 of the non-D gene. Analysis of Rh cDNAs showed that no functional mRNA was produced from the truncated non-D gene, HE HUMAN ERYTHROCYTE Rh antigens D, C, c, E, and e (the latter 4 designated non-D) are carried by a family of nonglycosylated transmembrane proteins collectively referred to as Rh polypeptides.'.' In parallel with the AB0 system, Rh antigens constitute a most important blood group system in clinical medicine because of their extreme imm~nogenicity.~ In addition to the common D, C, c, E, and e antigens, the Rh system contains a large array of variant antigens and phenotypes4 serving as a natural model for studies of human genetic diversity. The unusual architecture of Rh polypeptides and their intricate association with other components of the erythrocyte membrane present an interesting model for studying the assembly and organization of a multiple protein complex in the plasma membrane. ' Despite limited information on the physiologic role of Rh antigens or Rh polypeptides, rapid progress has been made in elucidating their structures with use of polymerase chain reaction (PCR)-added cloning approaches. The isolation of two highly homologous, yet distinct Rh cDNA clones (designated RhIXb or Rh30A and RhXIII or Rh13)6"0 has shown that they each encode a very hydrophobic polypeptide predicted to traverse the erythrocyte membrane by multiple spans. The structural genes from which these Rh cDNA clones are derived reside on the short arm of chromosome l " and give rise to multiple splice isoforms during premRNA s p l i~i n g . '~,~~ The high sequence identity of the two Rh cDNAs indicates that their genes have evolved from duplication of a common ancestor gene. 
whereas the D gene gave rise to one major and two minor mature transcripts. The full-length RhD cDNA sequence contained four nucleotide changes resulting in four amino acid substitutions on the polypeptide backbone. The shortened RhD cDNAs occurred as alternatively spliced isoforms lacking sequences corresponding to exons 7 and/or 8. The identification of a partial and internal deletion in the non-D gene shows that the molecular basis for the D--phenotype is heterogenous and that its alterations have occurred on different genetic backgrounds. 0 1995 by The American Society of Hematology.
clones remain to be shown by functional expression, molecular genetic studies on naturally occurring variations of the Rh antigens have provided strong evidence for the following correlation. It was found that D-positive erythroid cells express transcripts corresponding to both Rh cDNAs, whereas the D-negative erythroid cells lack the gene and transcript encoding the RhXIII p~l y p e p t i d e .~~'~~'~~' ' These findings led to the proposal that RhXIII and RhIXb (Rh30A) mRNAs code for the D and non-D Rh polypeptides, respectively. Rare erythrocytes lacking the expression of non-D antigens have been documented, which include D--, DC-, DCW-, D"(C)-, and D * phenotypes4 Regarding the D--variant, two genetic forms, the deletion and nondeletion have been recognized by Southern blot analysis. We report here the identification of a new form of DNA deletion in the non-D gene associated with the D--complex. We have mapped the limit of deletion and characterized the structure and RNA splicing pattern of the remaining D polypeptide gene.
MATERIALS AND METHODS
Blood samples and nucleic acid isolation. Peripheral whole blood samples were obtained from normal human blood donors and two D--homozygotes. Their Rh blood group types were determined by standard hemagglutination tests. The two D--individuals were members from the same family of Italian origin. Both Dpositive (DCelDCe) and D-negative (dceldce) blood samples were used as controls. High molecular weight genomic DNAs were prepared from buffy coat, as described.I8 Total RNA was isolated from hemolysates by a sequential cell lysis procedure,'' and, after acid titration, the RNA pellet was extracted by Trizol reagent (BRL, Gaithersburg, MD) according to the supplier's specification.
Nucleic acid primers and probes, Figure 1 shows the size and location of the cDNA and exon-specific probes used. Exon-specific probes were generated by PCR from cDNA probes and purified by native 5% polyacrylamide gel electrophoresis (PAGE). Genomic DNA probes were prepared from purified h phage Rh clones by PCR amplification. Oligonucleotide primers (24 to 27 mers) were synthesized on a 380 A automated DNA synthesizer (Applied Biosystems, Foster City, CA) and purified by 15% PAGE with 7.0 moll L urea. The nucleotide sequences of amplification primers were either selected from published cDNAs6,' or obtained during the Course of this study. All cDNA probes and synthetic oligonucleotides were numbered in accord with their distance from the first nucleotide (nt) position of initiation codon ATG.
Genomic DNA restriction mapping analysis. Genomic DNAs 
RESULTS
Identification of a gross deletion in the non-D gene. Restriction digestion of D--genomic DNA with either HindIII or Sph I showed gross alterations in the Rh gene (Fig 2) . It was evident that D--genomic DNAs carried a relatively large deletion, as shown by hybridization with the middle and 3' probes. A comparison between the D negative and two D--individuals showed an opposite pattern of DNA deletion, namely, some restriction fragments that occurred in the former were absent from the latter or vice versa. Because the D and non-D genes differ in the size of intron 4 and in the sequence of exon 7 , " ' ' amplification of the genomic region encompassing exons 4, 5 , and 7 with gene-specific primers followed by diagnostic restriction digestions and DNA sequencing was performed. It was found HUANG, REID, AND CHEN that all the PCR products were from the D gene but not from the non-D gene (data not shown). Taken together, these results indicated that the deletion of the D--complex is partial and resides in the non-D polypeptide gene.
Mapping of the limit of the deletion in the non-D gene. Having identified a gross deletion in the D--complex, we then determined its limit by exon mapping. The Sph I and HindIII genomic blots were mapped in parallel using probes specific for exon 1 through exon 10 (Fig 1) . Representative autoradiograms are shown in Fig 3. Among several restriction endonucleases tested, Sph I was found to be most telling because it only cleaves the noncoding region of Rh genes and yields more restriction fragments whose exonic content and gene origin can be readily defined (Figs 3 and 4) .
Comparative deletion mapping of the D-negative and D--variants showed that, whereas the entire D gene is missing in the former, the deletion of the non-D gene in the latter is indeed partial and internal. For both D--individuals, the altered non-D gene apparently retained sequences for exons 1.9, and 10 because these three exons each occurred in two separate bands as in D-positive controls (Fig 3, panels  1, 6 , and 7). However, the altered non-D gene lacked the portion encompassing exons 2 through 7 because those bands from the ce gene of D-negative variants or the Ce gene of Dpositive individuals were completely missing (Fig 3, panels tensity as compared with the D-positive control (Fig 3, panels S and 6). These results indicated that the D--complex harbors a deletion encompassing exons 2 through 8 of the non-D gene. Because the size of the exon 1 and exon 9 containing fragments found in the deleted gene was comparable to that of the normal Ce or ce gene, the S' and 3' deletion endpoints could be localized to intron I and intron 8, respectively. Figure 4 shows a comprehensive Sph I map for the DCe, dce, and D--complexes. The assignment of 10 exons to the various restriction fragments of individual Rh genes was further confirmed by selected oligonucleotide mapping (data not shown). In the D--complex, whereas the non-D gene is partially deleted, the D gene remains intact and apparently bears a similar, if not identical structural organization with the KHCE gene.26
Composition and splicing pattern of Rh transcripts in D--erythroid cells. To investigate the expression of Rh genes in D--erythroid cells, the composition and splicing pattern of Rh transcripts were analyzed by RT-PCR. Three overlapping cDNA segments that cover the entire coding sequence of Rh mRNAs were synthesized. Figure 5 shows the cDNA amplification products resolved by agarose gel electrophoresis. For segment a-b, one major band of expected size was apparent for D--and D-positive individuals, whereas D-negative individuals produced two cDNA species of which the larger one carried an insertion sequence causing premature chain termination. 25 For segment e-f that was primed with a D-specific sequence, D--was also identical with the D-positive control showing a single cDNA band, whereas the D-negative variant gave no product because of lack of the sequence for primer f. The main difference between D--and controls was noted in the segment c-d encompassing exons 4 through 9. The banding pattern in D--was apparently less complex than that in controls.
To delineate the structure of Rh transcripts in D--cells, all cDNA segments were eluted from gels and their nucleotide sequences were determined.
The sequencing data showed that the three overlapping cDNA segments of expected size comprised a unique sequence from the D gene. The shortened c-d segments were also derived from the D gene, but they involved the exclusion of sequences corresponding t o exons 7 and/or 8. Although the deleted gene still retained three exons and, probably, an intact promoter region (Fig 4) , we failed to detect any mature [oms of its transcript using several pairs of primers located in exons 1 and 10. Apparently the pre-mRNA of this gene, if any were transcribed, would be very unstable and thus rapidly degraded.
Predicted rrmino acid sequence of RhD polJpeptide. 
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GGTCTCCTGACACGTTTCCTCCTAAATCTTAAAATATCCAAACCACCTCATGTGCCTMA 1200 show the occurrence of rare Rh antigens other than the D antigen. Using RT-PCR analysis, we showed that the remaining D gene is functionally expressed, giving rise to one major and two minor mature transcripts. The full-length RhD mRNA bears four nucleotide changes resulting in four amino acid substitutions. These amino acid residues appear not to affect the surface exposure of the D antigen because they are predicted to reside in the transmembrane segments. The shortened cDNAs represent alternatively spliced D mRNA isoforms lacking sequences corresponding to exons 7 and/or 8. These D-specific isoforms appear to be authentic as they also have been found in human erythroleukemic K562 Nevertheless, their functional significance remains elusive because no corresponding protein products have been shown to be expressed in the red blood cell membranes.
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We show here, by parallel exon mapping, that the dce and D--complexes are associated with deletion in the D and non-D genes, respectively. This finding provides further evidence that the D and non-D (CcEe) antigens are encoded by two separate structural Erythrocytes with these and other variant phenotypes (ie, DCW-, DC-, and D. .) do not exhibit morphologic or functional abnormality. This dispensibility suggests a redundancy of Rh genes, regardless of whether the role of their products is structural or functional. Nevertheless, the Rh protein appears to be an essential membrane component, as indicated by the rare occurrence of Rh null erythrocytes. Because of the absence of all Rh antigen or protein products, these red blood cells manifest stomatospherocytosis and multiple membrane alterations.' It is also noteworthy that the absence of the D antigen (Rh negative) is much more frequently encountered than the absence of non-D antigens in human pop~lations.~ Whether this genetic diversity reflects a selective advantage driven at the population level remains an open question.
